Agricultural suitability maps are a key input for land use zoning and projections of cropland expansion. Suitability assessments typically consider edaphic conditions, climate, crop characteristics, and sometimes incorporate accessibility to transportation and market infrastructure. However, correct weighting among these disparate factors is challenging, given rapid development of new crop varieties, irrigation, and road networks, as well as changing global demand for agricultural commodities. Here, we compared three independent assessments of cropland suitability to spatial and temporal dynamics of agricultural expansion in the Brazilian state of Mato Grosso during 2001-2012. We found that areas of recent cropland expansion identified using satellite data were generally designated as low to moderate suitability for rainfed crop production. Our analysis highlighted the abrupt nature of suitability boundaries, rather than smooth gradients of agricultural potential, with little additional cropland expansion beyond the extent of the flattest areas (0-2% slope). Satellite-based estimates of the interannual variability in the use of existing crop areas also provided an alternate means to assess suitability. On average, cropland areas in the Cerrado biome had higher utilization (84%) than croplands in the Amazon region of northern Mato Grosso (74%). Areas of more recent expansion had lower utilization than croplands established before 2002, providing empirical evidence for lower suitability or alternative management strategies (e.g., pasture-soya rotations) for lands undergoing more recent land use transitions. This unplanted reserve constitutes a large area of potentially available cropland (PAC) without further expansion, within the management limits imposed for pest management and fallow cycles. Using two key constraints on future cropland expansion, slope and restrictions on further deforestation of Amazon or Cerrado vegetation, we found little available flat land for further legal expansion of crop production in Mato Grosso. Dynamics of cropland expansion from more than a decade of satellite observations indicated narrow ranges of suitability criteria, restricting PAC under current policy conditions, and emphasizing the advantages of field-scale information to assess suitability and utilization.
Introduction
Global production of major commodity crops has risen steadily in recent decades, driven by a combination of intensification (e.g., Foley et al., 2011; Galford et al., 2008; Macedo et al., 2012; Spera et al., 2014; Zeng et al., 2014) and expansion of cropland area (e.g., Meyfroidt et al., 2014; Morton et al., 2006; Ramankutty and Foley, 1999) . Recent expansion of commodity crop production has been concentrated in the global south, tilting the balance of the agro-economic playing field towards regions of soya and corn production in South America (Aide et al., 2013; Gasparri et al., 2015; Lambin et al., 2013) . Increasing yields and expansion of croplands in the Cerrado and Amazon biomes contributed to Brazil's rise to prominence as a global leader in soya production.
Whether the trend of expanding crop production continues in Brazil depends on the amount of potentially available cropland (PAC, following Lambin et al., 2013) . Suitability and PAC are related concepts; in this study, suitability for rainfed crop production reflects edaphic, climatic, and crop-specific characteristics, including access to markets. Estimates of PAC are typically a subset of all suitable lands that can be converted for rainfed agricultural based on a set of tradeoffs associated with expansion of agricultural production . Tradeoffs for PAC may reflect decisions regarding conservation, greenhouse gas emissions, labor, or governance. Lambin et al. (2013) provided a series of examples where limits on PAC varied according to crop types and local circumstances across major regions of cropland expansion. Recent expansion of crop production in Brazil reflects underlying gradients of suitability and PAC based on the contemporary policy and economic context. Importantly, suitability and PAC vary in both space and time based on crop technology, market demands, and changing policies or governance (Fader et al., 2013; Lambin and Meyfroidt, 2011; Meyfroidt et al., 2013) . We may expect, therefore, that estimates of both suitability and PAC diminish in relevance over time. However, few studies have considered the long-term accuracy or effective lifetime of cropland suitability assessments.
Market forces, environmental legislation, and enforcement efforts have changed the landscape of PAC in Brazil over the past decade. As market demand for Brazilian soybeans grew in Europe (Garrett et al., 2013; Nepstad et al., 2006) and China (Godar et al., 2015; Lambin and Meyfroidt, 2011; Lathuillière et al., 2014) , it spurred increased production in Brazil, often accompanied by clearing of native Cerrado savannas and Amazon forests . The direct contribution from soya expansion to Amazon deforestation (Morton et al., 2006) led to the Soya Moratorium (SM), an industry initiative that has successfully reduced soya expansion from new Amazon deforestation since 2006 (Gibbs et al., 2015; Macedo et al., 2012; Nepstad et al., 2014) . Recent changes in Brazil's Forest Code (FC) have also clarified the requirements for legal reserve areas on private properties (Brazil, 2012; Soares-Filho et al., 2014) , further incentivizing cropland expansion on existing cleared areas (Gibbs et al., 2015; Macedo et al., 2012) and spurring the development of new agricultural frontiers in regions with a surplus of native vegetation relative to FC requirements for set-aside areas on private properties (Gibbs et al., 2015; Soares-Filho et al., 2014) . The impact of these policy constraints on further cropland expansion in the Brazilian Amazon and Cerrado fundamentally depends on adequate enforcement of environmental laws (Gibbs et al., 2015) and whether suitable lands are abundant or scarce .
The extent of suitable cropland has been debated for decades, beginning with the introduction of new management practices during the 'green revolution' (i.e., mechanization and fertilization) and concerns over population growth (e.g., Godfray et al., 2010; Lambin and Meyfroidt, 2011) , and, more recently, attention to losses of ecosystem services and other tradeoffs associated with land use transitions (e.g., Foley et al., 2011; Green et al., 2005; Lambin et al., 2013; Rudel et al., 2009) . Previous studies of crop suitability have analyzed constraints for crop production at regional (e.g., Jasinski et al., 2005; Soares-Filho et al., 2006; Vera-Diaz et al., 2008) and global scales (e.g., Hurtt et al., 2011; IIASA/FAO, 2011; Ramankutty and Foley, 1999) . However, crop suitability changes dynamically in response to factors at the global, regional, and local scales. Regional variables such as governance, market demand, or climate often operate at large scales; they are necessary but not sufficient to support crop production. Local variables such as slope, soil type, or current land cover directly influence the viability of a given land area for crop production. Previous studies of cropland suitability in Brazil have often combined regional and local variables in their assessment (e.g., Jasinski et al., 2005; Vera-Diaz et al., 2008) , blurring the spatial and temporal scales over which the suitability assessment is most appropriate.
Here, we compared previously published estimates of cropland suitability to satellite-based maps of cropland expansion over the past decade in the Brazilian state of Mato Grosso. Our analysis provided an empirical test of existing cropland suitability estimates based on the actual dynamics of recent cropland expansion. Annual time series of mechanized crop production derived from satellite data also yielded information on the longterm utilization of croplands, defined as the fraction of years in which crops were planted following conversion to cropland. Spatial and temporal variability in cropland utilization across the Cerrado and Amazon regions of Mato Grosso offered an alternate means to evaluate gradients of cropland suitability and the amount of PAC accessible through intensification. Finally, we estimated the remaining supply of PAC based on the observed cropland dynamics and current land use policies. Empirical data on cropland expansion under current climate and policy conditions supports a critical evaluation of suitability assessment efforts, including evidence for a more limited set of suitability criteria, sharp boundaries in suitability gradients that emerge from remote sensing data at the field scale, and short time scales over which suitability may be reasonably inferred.
Materials and methods

Study region
Rapid cropland expansion during the satellite era and a diversity of physical conditions make the Brazilian state of Mato Grosso an ideal case study to evaluate the accuracy and longevity of cropland suitability estimates. The state is large (>900,000 km 2 ), with extensive crop production divided between the Amazon biome in the north and the Cerrado biome in the south and east. Cropland expansion since 2000 has been tracked using time series of moderate resolution satellite data (e.g., Morton et al., 2006; Rudorff et al., 2011) , given the large size of soya farms in the state database of private properties (mean = 1915 ha; Gibbs et al., 2015) .
Policy context
Mato Grosso is the largest soya-producing state in Brazil, often as part of a double cropping rotation with corn (Galford et al., 2010; Spera et al., 2014) , with only 6% of cropland area dedicated to largescale cotton and sugarcane production in 2013 (IBGE, 2013) . Soya has also been a major driver of recent cropland expansion in the state (Gibbs et al., 2015; Macedo et al., 2012; Morton et al., 2006) . These factors have given rise to specific policies for soya production in the region, including the SM to limit further expansion through Amazon deforestation (Gibbs et al., 2015; Macedo et al., 2012; Nepstad et al., 2014) . The SM is an industry initiative to avoid purchasing soya from areas of recent Amazon deforestation (Macedo et al., 2012; Nepstad et al., 2014; Rudorff et al., 2011) , and the SM was recently extended through May 2016 (Gibbs et al., 2015) .
Brazil's FC governs conservation of native vegetation on all private properties (not just soya production), stipulating that 80% of each property in the Amazon and 20-35% in the Cerrado be set aside as a "legal reserve" (Brazil, 2012 ; Soares-Filho et al., 2014).
The FC legislation was updated in 2012, changing conservation and restoration requirements for legal reserves and areas of permanent preservation (e.g., hill slopes and riparian areas), while introducing a new mechanism to facilitate trading of legal reserves to compensate for deforestation and bring private properties into compliance with the law . Although FC requirements apply to individual properties, in the absence of a unified land registry previous studies have used microwatersheds as a proxy for properties to estimate compliance with legal reserve requirements (Gibbs et al., 2015; Soares-Filho et al., 2014; Stickler et al., 2013) . Although compliance with the FC and SM differentially impacts cropland expansion in the Amazon and Cerrado regions of Mato Grosso, these policies and enforcement efforts do not alter underlying gradients of crop suitability within each biome.
Cropland expansion 2002-2012
Time series of NASA satellite data were used to create annual cropland maps for Mato Grosso, Brazil. The classification approach identified large areas of mechanized crop production based on vegetation phenology (Gibbs et al., 2015) , similar to previous studies of cropland dynamics in Brazil (Galford et al., 2008; Macedo et al., 2012; Morton et al., 2006; Rudorff et al., 2011) . We used fourteen years of data from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor onboard the Terra satellite to generate annual cropland maps at 250 m spatial resolution. Classification of cropland areas considered Normalized Difference Vegetation Index (NDVI) data (MOD13Q1, Huete et al., 2002) , using
October as the start of the crop year (day of year 273). The same classification approach was used to identify cropland areas in both the Amazon and Cerrado regions of Mato Grosso. Areas of existing crop production during 2000-2001 were separated from areas of cropland expansion. New cropland areas were limited to large patches (1 km 2 ) classified as cropland in at least two successive years during [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . For this study, cropland areas were not further subdivided to identify specific crop types or separate single and double cropping rotations. Therefore, our analysis considers the spatial and temporal dynamics of all cropland, without specific treatment of soya or other cultivars. Cropland utilization was estimated as the fraction of planted years following conversion to mechanized agriculture, an indicator sometimes referred to as "cropping intensity" (de Beurs and Ioffe, 2013) . Cropland maps compared favorably to validation data of cropland and noncropland cover types in Mato Grosso, with overall accuracies of 76% and 94% for field and air photos, respectively (Gibbs et al., 2015) . A full description of the processing methods can be found in Gibbs et al. (2015) .
Suitability analysis
Spatial and temporal patterns of cropland expansion and utilization were compared to three estimates of agricultural suitability for Mato Grosso. Jasinski et al. (2005) used land cover, slope, soils, precipitation, and distance from paved roads to assess cropland suitability. Data on crop production during 2000-2003 were included in this assessment. Therefore, our comparison considered suitability estimates from Jasinski et al. (2005) for cropland expansion during 2004 -2012 used slope (<15%) and soils information to designate three levels of cropland suitability in Brazil (very appropriate, appropriate, and not suitable). This version of data (Soares-Filho et al., 2014) did not include constraints on crop production from climate, protected areas, or policies governing land use. Finally, we examined suitability data for rainfed crop production from Version 3 of the Global Agro-Ecological Zones (GAEZ) system (IIASA/FAO, 2011). The GAEZ analysis considered climate, soils, topography, inputs, and crop characteristics. We analyzed the suitability estimate for rainfed soya production with high inputs, given the widespread use of lime and fertilizers for mechanized agricultural production in Mato Grosso.
Potentially available cropland (PAC)
Based on the dynamics of recent cropland expansion, we estimated the area of PAC in Mato Grosso for further legal expansion of crop production using data on FC compliance and SM policies. We compared suitability estimates for areas in compliance with the FC from Jasinski et al. (2005) , Soares-Filho et al. (2014) , and IIASA/FAO (2011) to a simple approach based on slope. Our assessment identified large (1 km 2 ) flat areas in microwatersheds with a surplus of remaining natural vegetation as required under the FC . Microwatersheds with insufficient reserves of natural vegetation indicate limited potential for cropland expansion (i.e., further clearing of native vegetation is likely prohibited, and some areas of existing agricultural production may need to be restored to comply with the FC). Slope information from 90 m resolution Shuttle Radar Topography Mission (SRTM) data (Farr et al., 2007) was averaged within each 250 m resolution cropland pixel. Data from (Hansen et al., 2013) were used to provide high-resolution (30m) estimates of cumulative deforestation through 2008 for Amazon regions of Mato Grosso, since the FC and SM consider areas deforested prior to 2008 differently from more recent deforestation (Gibbs et al., 2015) . Differences between estimates of PAC under FC compliance and under both FC and SM constraints provide insight into the potential impact of current SM policies on cropland expansion in the Amazon region of Mato Grosso. The final assessment of PAC in 2013 also excluded protected areas, indigenous reserves, and wetlands (Castello et al., 2013; Melack and Hess, 2011) , including seasonally flooded areas within the Pantanal region in southern Mato Grosso.
Results
Expansion
Cropland expansion during 2001-2012 was evenly divided between the Amazon (51.9%) and Cerrado (48.1%) regions of Mato Grosso (Fig. 1) . Annual rates of cropland expansion in Mato Grosso were highest before 2005. New croplands established in 2003 accounted for one quarter of total expansion in the Amazon region of northern Mato Grosso during 2001-2012, and roughly one third of all expansion in the Cerrado portion of the state during this period (Fig. 2) . The 2003 expansion of soya in both biomes exceeded statewide expansion of soya from 2006-2012, highlighting the influence of peak soya prices (Morton et al., 2006) , profitability (Macedo et al., 2012) , and favorable exchange rates (Richards et al., 2012) on expansion dynamics.
Rates of cropland expansion fell sharply after 2006 in both biomes. Declining Amazon deforestation for soya production has received considerable attention, based on the industry's SM (Macedo et al., 2012; Gibbs et al., 2015) and government efforts to reduce illegal deforestation (Arima et al., 2014; INPE, 2015; Lapola et al., 2014; Nepstad et al., 2014) . However, declining rates of cropland expansion in the Cerrado region of Mato Grosso have received less attention (Rocha et al., 2011) . Total cropland expansion in the Amazon biome was more than double the new expansion in the Cerrado in the years following the Soya Moratorium (2006) (2007) (2008) (2009) (2010) (2011) (2012) , largely through expansion onto previously cleared land (Gibbs et al., 2015; Macedo et al., 2012) . These dynamics suggest that there was a greater supply of suitable lands in the Amazon region of Mato Grosso during this period. It is also possible that demand shifted to new frontiers of soy expansion within the Cerrado biome, including the Matopiba region in northeastern Brazil (Brazil, 2015) , reducing incentives for further expansion in Mato Grosso (Gibbs et al., 2015) .
From 2002 to 2004, the majority of new cropland areas were established through expansion >1 km from existing croplands, especially in the Amazon biome (Fig. 2) . By 2006, most new cropland areas were a result of infilling and expansion at the margins of established zones of crop production (500 m). The short length scales and declining rates of new cropland expansion through 2012 further concentrated cropland in areas of established production. Regionally, most expansion after 2006 was concentrated in the Xingu River Basin in northeastern Mato Grosso and at the Amazon-Cerrado biome boundary in central Mato Grosso near the municipalities of Sinop, Tabaporã, and Tapurah (Box 1, Fig. 1 ). The combination of infilling and expansion dynamics outlined distinct regions of crop production-abrupt boundaries without further expansion beyond the extent of the flattest lands.
Utilization
Satellite data time series offer a unique perspective on patterns of crop management, including field-scale information on planting and fallow rotations. Rates of cropland utilization were higher in the Cerrado than the Amazon region of Mato Grosso (Fig. 3) . On average, crop fields established before 2008 in the Cerrado were planted 84% of the time, or roughly 8 or 9 years out of 10. Utilization of croplands in northern Mato Grosso was lower, with an average of 70% utilization for fields in the Amazon portion of the state. Differences in average utilization of cropland between the Cerrado and Amazon largely stem from older croplands (pre-2002) , as the average utilization of fields established between 2002 and 2007 was more similar across biomes (69% Amazon, 74% Cerrado). Utilization was not estimated for areas of most recent conversion, given the shorter time series of planting activity following conversion to cropland.
The spatial variability in cropland utilization provided additional information regarding management strategies and suitability (Fig. 1) . Areas of established crop production by 2001 in the Cerrado had the highest utilization (90-100% during [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . Two areas of production in the Cerrado stand out as regions with lower utilization. Lower utilization around Tangará da Serra in southwestern Mato Grosso may reflect the greater abundance of long-rotation crops such as sugarcane (IBGE, 2013) , and the practice of a short rotation of annual crops that is grown before sugarcane is replanted ("reforma da canavial"). In southeastern Mato Grosso, crop production in Nova Xavantina also had lower utilization. In the Amazon region, intermittent cropland usage (20-60% utilization) was common in the eastern Xingu basin, an area of more recent expansion along the Amazon frontier. The transition process from ranching to crop production may partially explain lower utilization in this region, as lower productivity of initial planting (often rice, rather than soya) may not generate the seasonal amplitude in satellite data typical of higher productivity harvests in subsequent years. In addition, ranchers periodically lease individual fields to soya farmers, and this practice may contribute to variability in usage at the field scale (M. Macedo, Personal Observation).
Suitability
Since 2001, mechanized agriculture in the Cerrado and Amazon regions of Mato Grosso has expanded onto land with a broad range of estimated suitability. Despite varying degrees of specification for suitability criteria, recent cropland expansion included substantial areas of new production in regions considered to have low to moderate suitability (Fig. 4) . The three estimates disagreed on the spatial patterns of suitability gradients in Mato Grosso. Notably, there was no recent expansion of cropland in several regions considered highly suitable, including the Araguaia River Basin (Point #1 in Fig. 4 , Soares-Filho), southwest Mato Grosso near the municipality of Araputanga (Point #2, IIASA-GAEZ and Jasinski), and Alta Floresta (Point #3, Jasinski). Disparate spatial patterns of underlying suitability partially reflect the differences in input data; there are no "standard" variables for suitability estimates, one of the limits to any intercomparison of suitability maps. Data from Soares-Filho et al. (2014) incorporated the fewest constraints. Slope and soil information proved important for the establishment of new cropland; no areas of cropland expansion were identified in regions considered unsuitable for crops. However, more than one-third of new cropland areas were established in regions considered appropriate as opposed to very appropriate for mechanized agriculture (Fig. 4) .
The GAEZ database estimated highest suitability for rainfed soya production along the Amazon-Cerrado biome boundary. Most cropland expansion occurred in regions considered moderately suitable (50-60%), with only one quarter of recent expansion in regions considered most suitable (60-70%), including areas along the eastern limits of the Xingu River watershed. Two areas with substantial cropland in 2001 and further expansion in the following decade were considered to have low suitability in the GAEZ estimate. The central agricultural region between Sorriso and Sinop (Box 1, Fig. 1 ) and the southeastern zone of production near Primavera do Leste (Box 2, Fig. 1 ) were considered only 30-50% suitable, despite having some of the highest utilization of all cropland in Mato Grosso. The coarser spatial resolution of the GAEZ assessment may partially account for the broad gradients of estimated suitability, in contrast to the sharp boundaries delineated by the dynamics of recent cropland expansion. Jasinski et al. (2005) estimated the lowest suitability for recent cropland expansion in Mato Grosso. The spatial pattern of estimated cropland suitability in 2004 reflects distance to paved roads in addition to slope, soils, and land cover information. Road infrastructure has changed markedly in Mato Grosso since 2003, lowering the cost and complexity of market access across the state, thereby lowering the potential range of suitability based on distance constraints. Overall, Jasinski estimates for recent cropland expansion are skewed towards lower values of suitability. Lower Jasinski suitability values for more recent agricultural expansion confirm the importance of new regions of agricultural production in the state at the periphery of established corridors of production, with only modest infilling along circa 2003 transportation infrastructure after 2006 (Figs. 1 and 2) .
Potentially available cropland (PAC)
Based on the FC requirements, the area for further legal expansion of crop production in Mato Grosso is limited (Fig. 5) . The FC mask highlights the small number of microwatersheds with a surplus of native vegetation in the Amazon and Cerrado regions outside of indigenous reserves and protected areas. Applying the same mask to the four different estimates of cropland suitability largely preserves the differences in underlying gradients of suitability, with regional differences in the areas of highest suitability from northeast (Soares-Filho) to south-central Mato Grosso (Jasinski) . The IIASA/FAO data suggest a narrow band of higher suitability along the Cerrado-Amazon biome boundary in central Mato Grosso, although much of this region has higher slope and more topographic relief (this study) than areas of existing production (Figs. 5 and 6) . Several large regions with Intermediate slopes (2-6%) surround the state capital, Cuiabá (Point #5, Fig. 5 ), and southeastern portions of the state. However, these areas for potential expansion are geographically isolated from regions of existing crop production, indicating potential barriers to cropland expansion despite regional compliance with the FC. Importantly, the FC mask in Fig. 5 shows the full extent of the microwatershed, not the actual amount of surplus . Any further expansion of cropland in these areas would therefore be limited to only a portion of the total watershed extent under the FC (20% in the Amazon or 65% in the Cerrado biome). The full extent is shown in Fig. 5 to highlight the range of suitability conditions for any further expansion.
The combined influence of the SM and FC in the Amazon region of Mato Grosso limits PAC for soya production to land deforested prior to 2008 in microwatersheds with a surplus of native vegetation. The contrast between PAC estimates in Fig. 6 highlights how policy and economic factors can alter the landscape of PAC over decadal time scales. To date, crop production has expanded onto large areas with very flat terrain (0-2% slope, Fig. 6 ). The SM reduces access to the flattest areas that might otherwise be available for cropland expansion under the FC (Fig. 6 ). Our analysis selected the flattest areas in microwatersheds with a surplus of Amazon forest, although not all of these flat regions may be suitable for crop production. Flat areas surround the Barbado River in southwest Mato Grosso (Point #4, Fig. 5 ), yet crop production from 2001 to 2012 was very limited in this region, suggesting that soils, inundation, or other characteristics may render these flattest areas unsuitable for crop production. Other areas for legal cropland expansion have more complex terrain-a potential impediment to mechanized agricultural production (Fig. 6) . Collectively, these caveats suggest that the contemporary PAC landscape in Mato Grosso is more limited than shown in Figs. 5 and 6.
Discussion
Suitability and PAC
This study provided an empirical test of cropland suitability estimates for one of the most active land use frontiers in the tropics. Overall, our analysis identified sharp gradients in crop suitability, defined predominantly by topography and soils, rather than infrastructure or climate. Differences between the pattern of recent cropland expansion and estimated gradients of suitability offer two key insights to improve future assessments. In general, no-go areas with lowest suitability were well defined; cropland did not expand into remote indigenous reserves (Jasinski et al., 2005) , flooded wetlands (Soares-Filho et al., 2014), or steep slopes (GAEZ, IIASA/FAO, 2011). However, areas of highest suitability were not well captured in previous estimates, as the majority of cropland expansion in the past decade occurred in areas considered low to moderately suitable for crop production. These differences highlight the need for appropriate weighting of necessary and sufficient conditions for crop production, with careful attention to technology, market, and policy changes that alter the underlying gradients of crop suitability and PAC.
High-resolution land cover information in this study provided new insights regarding suitability constraints for cropland expansion. Sharp boundaries in suitability overwhelmed broad regional conditions for crop production, with little expansion beyond the extent of flat lands, even for the oldest regions of crop production in the state. Spatial resolution may also account for some of the disparity between suitability estimates and cropland expansion. Satellite data provided contemporary, field-scale information to evaluate the patterns and processes of crop expansion across the state of Mato Grosso. Coarse resolution suitability estimates, often with climate data as the lowest common denominator, blur the sharp boundaries in site characteristics that constrain land use activities. Thus, the coarse spatial resolution of many suitability datasets may limit their applicability in regions with fine-scale spatial heterogeneity in topography or soils.
Dynamics of cropland expansion and utilization in Mato Grosso over the past decade are consistent with a more a limited amount of PAC than estimated in previous studies (Gibbs et al., 2015; Jasinski et al., 2005; Lambin et al., 2013; Soares-Filho et al., 2014) , especially if future expansion is compliant with FC legislation (Gibbs et al., 2015; Soares-Filho et al., 2014) . Full implementation of the FC , including efforts to demarcate and register rural properties in a web-based national land registry system (SICAR), will offer new mechanisms to evaluate compliance with environmental laws at the farm scale (Gibbs et al., 2015) . Combined with existing capacity for monitoring deforestation in near-real time (INPE, 2015; Morton et al., 2005) , efforts by industry, government, and non-governmental organizations to improve accountability are more transparent and timely. The net effect of these policies, monitoring, and enforcement efforts is a reduction in PAC in Mato Grosso. Pressure for cropland expansion in Mato Grosso has also been released through expansion of new agricultural frontiers (Gibbs et al., 2015) , including Cerrado regions of Maranhão, Tocantins, Piauí, and Bahia states known as "Matopiba." The May 2015 release of the Matopiba Agricultural Development Plan (Brazil, 2015) highlights the regional and national interest in further expansion of crop production in this region. New frontiers in the Cerrado biome underscore the potential for national and global crop production dynamics to impact producers in Mato Grosso. Whether expansion in Matopiba represents true "leakage" (i.e., producers avoiding more stringent environmental governance in the Brazilian Amazon) or simply a new agricultural frontier (higher suitability, more PAC) is an area of ongoing research. Regardless, expanding production elsewhere in Brazil alters the conditions for crop production in Mato Grosso, adding to the influence of global commodity markets on regional cropland dynamics (Fader et al., 2013; Godar et al., 2015; Lambin and Meyfroidt, 2011) .
Estimates of PAC in this study are closely tied to the contemporary policy context. Efforts to evaluate the impact of FC compliance in this study may overestimate the area of PAC. Fig. 5 highlights the range of suitability conditions within the entire microwatershed where cropland expansion could occur, since the precise location of future expansion cannot be determined. For the Amazon region, estimates of the combined influence of the SM and FC excluded further legal deforestation for all crop production, yet the current moratorium applies only to soya production, and then only through May 2016 (Gibbs et al., 2015) . The estimates of PAC for Cerrado and Amazon areas shown in Figs. 5 and 6 are likely to be short lived in their utility. Near-term decisions on the lifetime of the SM (Gibbs et al., 2015) , completion of the land registry (SICAR), and development of a state-wide reserve trading scheme (CRA) will undoubtedly redraw the map of PAC in the coming years.
Cropland utilization
The ability to estimate cropland utilization is a unique advantage of satellite monitoring. Cropland utilization can be difficult to determine from agricultural census data on planted area, especially in regions with multiple cropping cycles. Areas of more recent expansion in both the Cerrado and Amazon regions of Mato Grosso had substantially lower utilization, consistent with other evidence for cropland expansion into more marginal areas (Spera et al., 2014) . Management decisions at the field scale may also reflect a diversification of production strategies, including soya-corn-pasture rotations that are highly productive and responsive to market conditions but appear as lower utilization, or pest management strategies through rotation or fallowing of individual fields. Regional or interannual variability in these planting strategies is an important area for future research.
Increasing utilization is an alternate pathway for intensification of crop production in the region, beyond higher yields achieved with double cropping (Galford et al., 2010; Spera et al., 2014) or replacement of extensive land uses with more intensive practices (e.g., Lapola et al., 2014; Macedo et al., 2012; Strassburg et al., 2014) . However, increasing utilization of croplands in Mato Grosso faces four important constraints. First, expansion of croplands into more marginal areas, particularly in terms of climate (Spera et al., 2014) , may limit the viability of double cropping to years with sufficient rainfall. Second, pest management is a key factor that limits utilization at the field scale. Regional restrictions to reduce soybean rust, nematodes, or other pathogens set the upper bound for utilization of fields in a soya rotation. Third, lower utilization may be important for regional agricultural management, where fallow rotations support cattle production beyond an individual field or farm, leading to a lower limit for overall utilization. The use of crop fields to seasonally supplement cattle diets with crop residues is a widespread but poorly quantified aspect of ranching. Finally, on-farm infrastructure (e.g., grain storage) and off-farm factors (e.g., transportation and market access) also influence planting and management decisions at the field scale. With the addition of economic and crop-specific management data, detailed studies may identify important patterns of utilization at the field scale. Disentangling these factors is one goal of continued satellitebased monitoring of the spatial and temporal variability in cropland utilization.
Limitations
Satellite data offer distinct advantages for understanding cropland suitability, including the opportunity to evaluate spatial and temporal dynamics of crop production and field-scale management decisions. However, satellite-based estimates of cropland area or management also have important limitations. Satellite detection of crop phenology may be less accurate in the early years of production, when vegetation productivity is often lower. The spatial resolution of satellite monitoring data can also limit the ability to identify small fields or fine-scale variability in crop management. Mato Grosso is particularly suitable for monitoring efforts with moderate resolution satellite data, based on large field sizes and a limited number of crop varieties (Morton et al., 2006) , but agricultural regions with more fine-scale heterogeneity will be difficult to monitor with these approaches. Ongoing improvements to satellite monitoring efforts in support of environmental governance, precision agriculture, and research activities will continue to advance the capabilities of satellitebased monitoring of crop dynamics in near-real time. This up-todate information is critical to assess the likelihood of land use changes, the effectiveness of policy and economic instruments, and the market and climate sensitivity of regional crop production.
Conclusions
Satellite data time series capture information about cropland management at the field scale. Utilization is not well known for many regions, since regional crop statistics cannot be easily disaggregated to characterize planting practices. For Mato Grosso, estimates of utilization and suitability provided contrasting views of recent agricultural expansion. Although croplands established before 2002 had higher utilization than areas of cropland expansion during 2002-2007, estimates of agriculture suitability were similar for these areas. Overall, previous assessments of crop suitability in the region overestimated the extent of suitable lands. Cropland expansion in recent years targeted lands with narrower ranges of site conditions, highlighting the abrupt nature of suitability boundaries for mechanized crop production. Few areas with similar characteristics remain for future legal expansion of cropland in Mato Grosso. Continued compliance with Brazil's FC and the industry SM would therefore concentrate new soya production in the Cerrado biome in areas with more topographic complexity. Looking ahead, continued satellite monitoring of cropland dynamics in Mato Grosso could generate unique insights into the evolution of frontier landscapes, including the development and impact of regional public policies and farm-level responses to market and climate variability. and QZA-13/0075), and a Science Without Borders Visiting
